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Abstract

The implications of a simple set of assumptions related to galactic
cosmic rays are examined and compared to the existing data. These
assumptions are that (a) the multiply charged cosmic ray nuclei ali
have the same spectral shape at the source, (b) the relative abundances

of He3

and light nuclei (3 < Z < 5) are negligible at the source. and
(c) the average amount of interstellar material traversed is independent
of particle energy. The results show that within the present uncertain-
ties of the experimental data and of the interaction cross sections, the
data agree with the predictions without additional assumptions if the
differential source spectra are relatively flat at low energies and the

average interstellar mean free path is 2.8 +0.4 g/cmz. In particular,

the nearly constant relative abundances of the helium, medium (6 < Z < 9),

and (Z > 10) nuclei with energy,nucleon can be explained, and the observed

variation of the light to medium nuclei flux ratio with energy nucleon
can be brought into fair agreement with predictions. The calculations

also imply that, if the analysis does represent the true situation, then



there is little or no solar modulation of the cosmic rays near solar mini-

mum, and protons and helium nuclei have different source spectra.

I. Introduction

The cosmic ray energy spectra which are observed at the earth repre-
sent the source spectra after they have passed through interstellar matter
and have been modulated within the solar system. Whereas presumably the
solar system modulation is primarily the result of electromagnetic fields,
interstellar space is believed to contzin enough material along the path
vt the particle to change appreciably the particle energy as well as the
intensity of the radiation. 1In the latter case it is normally assumed
that the intensity in an energy interval is changed significantly only by
fragmentation in interactions and by ionization loss, and not by accelera-
tion nor by the complicated time-dependent magnetic effects which probably
cause the intensity variation in the solar system.

If the acceleration in interstellar space is negligible, it is possi-
ble to calculate the energy dependence of the relative abundances of various
particle groups outside the solar system, assuming various source spectra,
provided the cross sections in interstellar space and the amount of materiai
traversed are sufficiently well known. The exact nature of the solar modu-
lation is not yet known, but the general belief is that it probably depends
only on the velocity and charge-to-mass ratio of the particle. Therefore,
although nuclei of the same cherge-to-mass ratio but different charges will

lose energy at different rates in interstellar space, the fluxes of these
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particles will be modulated in the same way, thereby permitting the sepa-
ration of modulation effects from interstellar energy loss and fragmenta-
tion effects.

Enough information is now accumulating on several different compon-
ents of the cosmic radiation to permit a meaningful study of their source
spectra and history of the cosmic radiation can be obtained. Therefore,
in this paper we have determined the expected relative abundances of the
multiply charged nuclei as a function of energy. nucleon for various specific
assumptions about the source spectra and interstellar mean free path, and
have also considered the effects of solar modulation. Throughout, the
analysis has been made as quantitative as seems reasonable within the

limited knowledge of some of the parameters.

I1. General Procedure
The first purpose of this article is to determine whether a particular
simple set of assumptions leads to predictions which are consistent with the
galactic cosmic ray data. These assumptions are:

(a) The source energy/nucleon spectra of all multiply charged nuclei
have the same shape, at least above 100 MeV/nucleon. (Note that,
since all of the multiply charged nuclei that will be of interest
at the source have nearly the same charge to mass ratio, this
effectively permits the spectra to be both velocity and
rigidity dependent.)

(b) The relative abundance of He3 and light nuclei (3 < Z < 5) at
the source are negligible compared to He4 and medium nuclei

respectively.



(¢) The average interstellar mean free path is independent of the
energy/nucleon of the particle.
After a thorough investigation of this simple approach and its limitations,
we consider alternate approaches and models (usually involving more adjust-
able parameters) suggested in the literature.

Before outlining the general procedure, we shall briefly discuss the
assumptions. The similarity in source spectral shape, at least for parti-
cles of the same charge to mass ratio, is suggested by the predictions of
the basic acceleration mechanisms, such as the simple Fermil"2 theory. the
principle of equipartition of energy as discussed by Syrovatsky3, and the
theory of the shock accteleration of the outer layer of a supernovae dis-
cussed by Colgate and Johnson4 and Colgates. Some of the more compliceted
variations of the theories can explain differences in the energy spectra
of different nuclei, especially those with different charge-to-mass ratio.
Further support to the choice of spectra of the same shape for particles
of the same charge-to-mass ratio is obtained from the study of solar
particles. Tt should be noted that source spectra at very low energies
(<102MeV/nuc1eon) may differ in general, but they are not germane to the
present discussion because, as will be discussed later, they could not be
detected.

With respect to the composition, the only important assumption that
we shall make is that light nuclei and He3 are absent in the source. For
the light nuclei, this assumption is based on the fact that light nuclei

. . -5 .
are very rare in the universe (about 10 of the abundance of medium
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nUCIEi)g because they are unstable at the high temperatures of most stars.
The justification for assuming there is virtually no He3 at the source is
similar.

Finally, the assumption regarding the average mean free path being
independent of energy is based on simplicity and the fact that in a
simple steady state diffusion process, the path length would not be
expected to vary with velocity. A rigidity dependent average path length
is of course possible if, for example, high rigidity particles escape more
easily. This alternate possibility wili be one of the ones considered in
section V.

In proceeding with the calculations, the problem will be divided into
three parts or physical regions: the "source" which suppliies the cosmic
radiation, the interstellar medium containing primarily hydrogen which can
cause fragmentation and energy loss of the cosmic-ray particles, and
finally the Solar System which influences the cosmic-ray fluxes via its
electromagnetic fields.

With regard to the source, it will be initially assumed that the source
spectra have the properties stated in assumptions (a) and (b), and the re-
maining characteristics, such as the possible shapes for the energy spectra
and the relative abundances of the other nuclear species, will be determined
from an examination of the experimental data in the light of the calcula-
tion to follow. Therefore, the first consideration will be the travel of
the cosmic rays through interstellar space, which will be discussed in
section ITI. As was stated in the introduction, the model being discussed

here does not allow the interstellar magnetic fields to accelerate the



particles, but does permit diffusion. The interstellar path length to
be determined is defined as the average number of g/cm2 of material
traversed by the particles. The interstellar extrapolation includes
both the effects of energy loss by ionization and of fragmentation which
is dependent on the energy of the cosmic rays.

In section TV, the effect of solar moduiation is considered. Various
possible types of modulation are considered both from the standpoint of
the extent of the solar modulation and its possible effect on particle
ratios as a function ot energy. Tt will be seen that the relative abun-
dances of the multiply charged nuclei are probably not seriously affected
by modulation, owing to the similar charge-to-mass ratios of the constit-
uents of interest. On the other hand, particles with the same ZZ/M value
(7 and M are the charge and mass of the particles in units of the proton
charge and mass), such as protons and Hea, will have the same rate of
energy loss per nucleon for a given velocity in interstellar space, but
will be modulated by different amounts. The alternate approach of de-
modulating the observed spectra and then extrapolating to the sources
requires a quantitative knowledge of the modulation.

In section V, the experimental data are compared to the predictions
trom the calculations. It will be seen that the predictions essentially
agree with the experimental data within the uncertainty of the measurements
for a specific set of relative abundances and a limited range vt energy
spectra. Other possible theoretical explanations of the data are also

considered.




III. Interstellar Extrapolation
The material in interstellar space affects the cosmic-ray particles
by causing energy loss and fragmentation. In order to take both of these
phenomena into account, it is necessary to begin with the appropriate
transport equation. Ray9 has shown that the fundamental equation can be

written in the form

d -

where x is the position along the particle path, wi = (dE/dx) ., i
1.,
refers to the particular nuclear species, ji is the differential directional

intensity per unit energy/nucleon, E, for particles of type i,
and Hi iz the number of particles added or subtracted per unit volune,
time, solid angle, and energy nucleon.

In the case under consideration Hi consists of two parts, the source

term Si and the loss term due to collisions. Hence,

H;(E,x) = S;(E,x) - jj(E,x)/A{(E) (2)

Here, Aj is the loss mean free path which is related to the interaction
mean free path, Ags by the equation
where P.. i5 the average number of particles of type i formed in the inter-

action of a type i nucleus. Si’ in turn, is given by the relation

s e = 2 3B %) /8y () (4)
k=i

where Aki is the mean free path for production of i-type particles from

k-type particles. The sum in Eq. (4) can be restricted to particles



heavier than i, because the lighter ones will not contribute to i nuclei
in an interaction, and the i to i type interaction is already included in
the last term of Eq. (2).

Substituting Eq. (2) into (1) and rearranging terms yields

d . .- . N
—_— + 1/A = )
G (idgd t el veg =S, (5)

Multiplying Eq. (5) by the integrating factor exp (x/A ) and rewriting the

left hand side yields

- : ‘ ) _
Eg Lexy <x/Ai(E).) Ji(E,x) wi(E)] = exp (}lAi(E)') wy (£)5;(E,x) (6)

Eq. (b) can be used to propagate the particle energy spectra at the source,
ji (E,0), through interstellar matter in small steps which, in the case of
the calculation performed here, were 0.02 g/cm2 of interstellar matter.
This step size is sufficiently small that the variations in terms such as
W (E) and Ai(E) introduce a negligible error into the calculation. On a
given step the spectrum of the heaviest species was calculated first so
that the source function for subsequent species would be available. This
procedure allows averaging of the source function (actually the right-hand
side of Eq. (6))over the interval to improve the accuracy of the calcula-
tion. The range-energy relation and rate of energy loss in hydrogen were
taken from the work of Barkas and Berger.10

The existing information on the energy dependence of the Ai(E)'s and
A!.k"/::”5 is relatively meager. Only a few specific cross sections are

known as a function of energy and these have been summarized by Badhwar




and Daniel.11 An important reason for the lack of data is that, when a
proton beam bombards a particular target, the fragments of interest are
left at rest in the laboratory and often only rare unstable products are
readily detectable. Despite reservations related to the facts that
different reaction mechanisms might produce a different energy dependence
of the unknown reactions and that the very low energy regions of the para-
meters (5 70 MeV/nucleon) are quite uncertain, the fragmentation parameters
have been estimated on the basis of the existing data. The energy depen-
dence of the most important parameters used in the calculation is shown
in Fig. 1; the high-energy values which the parameters were assumed to
2-14
approach are shown in Table I. In preparing this figure and table,
where data were not available, we have assumed that the tendency for the
cross sections to fall to zero below some energy EO was a function of the
charge, Z, and in particular the Eo increased with increasing Z and with
increasing change in 2 frow primary to secondary particle. An alternate

energy dependence of which emphasizes the oxygen parents more

A
(6-9,3-5)

strongly is also shown in Fig. 1.

By using the calculation and the parameters discussed above, the
relative abundances of various charge species can be calculated for various
source spectra. As was stated previously, it will be assumed that all
nuclear species have the same spectral shape at the source and differ only

in intensity. Differential spectra were selected which ranged in degree of

2.5

variation in energy from 1/E , where E is the particle kinetic energy per

nucleon, to curve A in Fig. 2, which represents the May 1965 spectrum of



helium nuclei extrapolated back through 2.8 g/cm2 of interstellar hydrogen.
This latter form presumes the complete absence of solar modulation and
therefore represents one extreme for the spectral shape.

Next it is necessary to select the relative abundances at the source.
As was stated in section II1, the abundances of He3 and light nuclei were
chosen to be zero at the source. In order to establish the best estimate
for the remainder of the abundances it is necessary to know the average
amount of material traversed by the particles from the source to the earth.
The best estimate now available for the amount of interstellar matter
traversed comes from the relative abundance of light nuclei at high energy.
Therefore, in this paper the amount of interstellar material was determined
from the light to medium nuclei ratio, and then it was seen to be consistent
with the other data. In the experimental results to be presented in section
V, it will be seen that the best estimate we obtained for the average amount
of interstellar matter traversed is 2.8 +0.4 g/cmz. The relative abundances
at the source used in the final calculation for helium, medium (6 < 7 < 9),
(10 < 2 < 19), and (Z > 20) nuclei were 12.1, 1.00, 0.36 and 0.13, respec-
tively.

The results of the calculations are displayed in Figs. 3 through 8 so
that the role of the various parameters involved may be seen. Fig. 3 shows
the light to medium ratio for various amounts of interstellar material for
a particular source spectrum (dJ/dw = c/wz's, where w is the total energy/

nucleon, form B of Fig. 2) with A having been used in the cal-

(6-9,3-5)I1

culation. The increase in this ratio as one proceeds to lower energies
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results from the combined effects of the increases in cross sections for
creation of light nuclei and the differing energy loss rates of light and
medium nuclei. The decrease of this ratio at very low energies arises
from the decrease of the cross sections in this region. One can see that
the general character of the curve is determined after about 1 g/cm2 of
interstellar material. Passage through additional material only serves
to increase the ratio at all energies, although the increase is somewhat
greater at low energies. The exact shape of the low energy ond is fairly
uncertain because of the lack of rather critical cross section information.
Following Fig. 3, we show that the ratios of (10 < Z < 19) and (Z > 20)
nuclei to medium nuclei in Fig. 4 for the same source-spectral shape. Sig-
nificant in this figure is the depression of the ratios at low energies
after passage through small amounts of material. This effect arises be-
cause of the extremely high rate of energy loss of the heavier nuclei at
low energies. Subsequently, a partial equilibrium is established in the
low energy region between loss of heavy particles via energy degradation
and the supply of heavy particles from higher energies where they are now
more numerous. At high energies the ratios decrease more smoothly with in-
creasing amounts of material traversed, since here the dominant mechanism
is fragmentation of the heavy nuclei. Fig. 5 shows the similar, though more

marked, results using a steeper source spectrum (dJ/dE '\'1/132'5

). Notice
that the principal difference between Figs. 4 and 5 is in the degree of
suppression of the heavier nuclei at low energies.

Continuing to examine the importance of the shape of the energy spec-

trum at the source, we note that Fig. 6 illustrates the light to medium
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ratio for various source spectra and the two 4%_9,3_5) functions using the
best estimate of the interstellar mean free path. The effect of different
source spectra on the helium to medium ratio after passage through 2.8
g/cm2 is shown in Fig. 7, where there is a marked difference in this ratio
at low energies for different source spectra.

The other component of the primary cosmic radiation which is being
considered in the present study is He3. In the passage of the cosmic rays
through interstellar matter He3 is thought to arise predominately from
collisions of He4 nuclei with hydrogen.ll This interaction leads to a
He3/He4 ratio that is independent of energy above about 200 MeV/nucleon
and rises somewhat below this value.ll’u-20 There is also a small con-
tribution from the interaction of heavier elements with interstellar matter,
and this effect has been taken into account in the fragmentation equations.
The high energy values for the fragmentation parameters are given in
Table 1;11,14 these include the interactions leading to tritons because
they also contribute to the H63 population through the subsequent decay of
tritons into He3. The sum of these effects leads to a He3/He4 ratio before
modulation that is estimated to be .13 at high energies for 2.8 g/cm2 of
interstellar matter and then rises as shown in Fig. 8 toward lower energies.
The He3/(He3 + He®) ratio will be used for comparison with the data, since it
customarily plotted in this manner in the literature. Collisions of cosmic-
ray protons and helium nuclei with interstellar helium nuclei may be im-
portant, but this effect is generally thought to be significant only at

very low energies (< 50 MeV/nucleon). The interaction of cosmic ray helium
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and heavy nuclei with interstellar helium should produce effects similar
to their interaction with interstellar hydrogen, but considerably reduced
in intensity because of rhe relative abundance of interstellar helium

relative to hydrogen.

1V. Solar Modulation

Between the time the cosmic rays enter the solar system and the time
they reach the earth, they are modulated electromagnetically. This effect
has been :learly established in recent years by an examination of the cosmic
ray flux and energy spectrum as a function of the period in the solar

_ 21-24 . , . . .

cycle. The modulation produces a decrease in particle intensity
which is probably both rigidity and velocity dependent and this modulation
may also reduce the energy of the particles. Numerous theories have been
21-24
put forth to try to explain this modulation and several papers now
exist which review and analyze the models in sufficient detail that it is
not necessary to do so here. Thus, only a general discussion of the prob-
lem will be presented with specific details given only as necessary to the
development of the discussion.

15,25,26

All of the major models proposed, such as the solar wind model,

27 ) ) 28,29
the solar dipole model, and the electric deceleration model, depend
on electric and magnetic fields either individually or together; hence,
the modulation depends only on the velocity of the particle and its charge

to mass ratio. Therefore, the fluxes of particles of the same velocity and

charge to mass ratio are modulated in the same manner, and the relative
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abundances as a function of energy derived in the previous section will
remain unchanged for these particles except that a given group of particles
might be shifted to a lower energy.

If two particles have a slightly different charge to mass ratio, they
will be decelerated by somewhat different amounts in terms of energy/nuc-
leon, thereby possibly altering the ratio of two charged particles groups.
Further, in the solar wind theory, for a given velocity, the flux of
particles with the smaller charge to mass ratio (or greater rigidity) will
be depressed least. In this latter case, the light to medium nuclei value
will be enhanced in the region of the energy spectrum where this effect
is important since the average charge to mass ratio (Z/M) for light nuclei
is .44, as compared to .50 for medium nuclei. Similar considerations
apply to the (2 > 20) nuclei to medium nuclei ratio, since the average
charge to mass ratio for (Z > 20) nuclei is about .45. Conversely the
He3/(He3 + Hea) value will be depressed. These last two points have been
discussed by Hildebrand and Silberberg.30 The exact amount of enhancement
or depression depends on the specific theory, and no exact theory yet
exists. It is true, however, that in the solar wind theory the effect
should probably be greatest in the energy interval from about 0.1 to 1.0
BeV/nucleon during high solar activity, and in a lower energy region near
solar minimum.

Returning now to the question of deceleration, the electric decelera-
tion model will be considered first. This theory was originally suggested
by Nag,ashime28 and developed further by Ehmert.29 In this process it is

assumed that a potential can be defined. Then, the observed flux can be
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calculated immediately relative to the flux outside the solar system
using the extended Liouville theorem. Comparisons of the prediction of
this theory to experimental observations have been made on several occas-
. 31-33

ions. The present evidence seems to indicate that fair, but not
perfect, agreement could be obtained for protons, helium, medium, and
heavy nuclei for a mean free path of about 3 g/cm2 and a source spectrum
similar to curve B or C of Fig. 2. However, there are a number of diffi-
culties with this model. Firstly, with the solar plasma density which
exists, it is difficult to understand how a potential of the order of

that needed, namely 0.2 to 1.0 BV, could exist at the earth relative to
interstellar space. Secondly, if such a potential existed, it would
accelerate electrons, and there is no experimental evidence from the study
of electrons to indicate that this has occurred.34 In fact, the work of
Abraham et al.34 indicates that if there has been any acceleration of the
electrons at all, it has not exceeded about 1.5 MeV. Thirdly, if such a
potential existed, the decrease in the light to medium nuclei ratio below
about 100 to 150 MeV/nucleon would disappear, because this effect was due
to the decrease in cross sections for the production of light nuclei below
these energies in interstellar space, and these particles cannot reach the
earth if there is a potential that large. The rise in the light to medium
nuclei ratio due to the increase in the appropriate cross section values at
intermediate energies combined with a small, but contributing modulation
effect would then lead to a light to medium nuclei ratio which continues to

rise toward lower energies--contrary to observation--as will be seen in the
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next section. One final difficulty is that the source spectrum which
would give the best agreement between the proton and alpha data in the
electric deceleration model is too steep to agree with the heavy to
medium nuclei ratio, if it is assumed that all source spectra have the
same shape.

As was mentioned earlier, there could be other types of decelera-
tion such as the inverse betatron effect15 or the Fermi mechani.sml’2
which would decelerate both nuclei and electrons. Most estimates sug-

gest that these effects are small; however, 'Farker15 has shown that the

betatron effect might be important. With either of these latter mechan-
isms, the first objection listed before is naturally removed since large
potentials over great regions of space are not required. With respect to
the second carlier objection, electrons would now be decelerated as well

as protons, rather than accelerated. Existing radio astronomical data,
though inconclusive, suggest that electrons have not been severly de-
celerated: such deceleration would imply that the flux of high energy
electrons is much larger outside the solar system than near the earth, and
has a steeper spectrum at a few hundred MeV. However, if the low energy
(1-10 MceV) electrons have a higher velocity than protons of the same energy,
and a much lower rigidity--perhaps small enough that they can virtually
follow the field lines into the solar system without being appreciably
scattered--they may not be appreciably decelerated because, as rarker pointed
out, the degree of deceleration in the betatron case, and in most models

based on the Fermi mechanism, depends on the time spent in the solar system.
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The considerations with respect to the light to medium nuclei ratio remain,
but these cannot eliminate the possibility of a small deceleration. The
degree of deceleration, especially at low solar activity when the relevant
data were obtained, must then be relatively small, and the relation between
the proton and helium spectra probably must be explained in another way
than by appreciable deceleration in the solar system.

It is still possible that there may be some deceleration of the cosmic
rays by the solar system during periods of high solar activity. An inter-
esting test would be the observation of a shift in the peak of the light
to medium nuclei ratio to lower energy as solar activity increases. Good
spectral data would be needed to separate deceleration effects from de-
pressive rigidity dependent effects, but by studying other ratios, such as

3

3 4
He”/(He™+ He ') and protons to helium nuclei, it should be possible to do so.

V. Discussion

Comparison with Experimental Data

Having discussed the interstellar travel of cosmic radiation and the
solar modulation, it is now appropriate to compare the predictions of the
theories to the experimental results--making a particular effort to sepa-
rate the effects of the two phenomena wherever possible. In what follows
the experimental data will be examined from the viewpoint of investigating
the solar modulation, interstellar travel, and the original source spectra
and composition.

In the last section it was demonstrated that the solar modulation
probably depends only on the velocity and the charge to mass ratios of the

particles. Since, fluxes of particles with the same velocity and charge to
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mass ratio would be reduced by the same amount, leaving the relative
abundances unchanged. These same relative abundances as a function of
energy/nucleon therefore would also exist outside the solar system and
be directly comparable to those calculated in section III. Figs. 9 and
10 show the ratios of (Z > 10) nuclei ‘and (Z > 20) nucleil to medium
nuclei as mecasured by several experimenters. Since these ratios seem
independent of the period in the solar cycle, no attempt has been made to
separate the measurements into different time periods. In fact, the very
heavy to medium ratio might be expected to vary somewhat with time in the
solar cycle because of the difference in the modulation effect resulting
from the small difference in the charge to mass ratio mentioned in the
previous section. The curves for the predicted ratios as a function of
energy for 2.8 g/cm2 of interstellar material and several different source:
spectra are also shown in Figs. 9 and 10. There is generally good agree-
ment between the experimental values and the calculated curves. No real
selection of source spectra can be made from these data alone with the
exception of rejecting very steep source spectra of the form of Curve D in
Fig. 2 or steeper.

The similar data for the helium to medium ratio are shown in Fig. 1l1.
In order that there be agreement between the calculated curves and the data
in this case, the source spectrum must be quite flat--approximately of the
form of curve A or B in Fig. 2 Here again it has been assumed that the

cosmic radiation has passed through approximately 2.8 g/cm2 of interstellar

material, as the relative abundances of the light nuclei indicate. As has

been mentioned, a small error in the mean free path (+ 1 g/cmz) does not
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affect this conclusion because of the relatively slow variation of the curve
for the medium to helium nuclei ratio with interstellar path length after
the first g/cmz.

In Fig. 12, the experimental data for the (Z > 20) to helium nuclei
flux ratios are compared to the predicted curves. The somewhat poorer
agreement between the predicted curves and observed points in Fig. 12 seems
to be due primarily to differences in experimental data--that is, higher
values for the (7 > 20) to helium nuclei ratio than the directly measured
values ol reference 51 are obtained at high energies by taking ratios of
the experimental data presented in the two pervious figures.

The light to medium ratio has a more complicated energy dependence
as was shown in Fig. 6. The experimental data for the light to medium
ratio are compared to the predicted values for 2.5, 2.8, and 3.1 g/cm2 of
interstellar matter in Fig. 13 for a spectrum of the form of curve B of
Fig. 2. The reason for choosing approximately 2.8 g/cm2 for the interstellar
path length is now, of course, clear from an examination of the high energy
region of the curve, where the ratio is independent of spectral shape. Notice
that there is reasonable agreement in the energy range from 150 to 1000 MeV/
nucleon, especially since the modulation effect will also probably increase
the light to medium nuclei ratio slightly in this region, whereas at high
and possibly very low energies it will not. Estimates16 of the importance
of this effect indicate that it might cause the light to medium nuclei flux
ratio to increase by from 0 to 25 percent over the values in Fig. 13 in the
energy region around 300 MeV/nucleon where the effect is thought to be most

pronounced during the period when the measurements were made. Later in
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this section, we shall discuss reasons for believing the increase is
nearly zero near solar minimum.

In the low energy region there is not enough information to determine
the variation with energy of the cross sections leading to the production
of light nuclei. If the approach is assumed to be correct, the results
would indicate the cross sections were closer to the type II cross sections
than te the type I values. Since the type II cross sections emphasize oxy-
gen this result is in agreement with the conclusions of Reames and Fichtel
which show oxygen to be more abundant than carbon (especially at the source).
These data also argue against steep source spectra which yield large light to
medium nuclei ratios at iow energies (see Fig. 6).

Looking next at the He3/ﬂe results, Fig. 14 shows that, with the
exception of three points, the experimental data seem to agree well with
the curve which represents the expected ratio for a source spectrum of

the term of A or B in Fig. 2 and 2.8 g/cm2

of interstellar material.
Since the three data points at higher energies which disagree were taken
at times close to the other experiments, the discrepancy must be con-
sidered as one between experiments rather than between calculated and
observed values. The recent experiments which have resolution and recourd
the particles themselves directly all agree with the curve. Thus, until
there is further evidence to the contrary, we shall assume the data points
agree with the curve. This is consistent with the previous discussion of
a relatively flat source spectrum and little modulation near solar minimum.
In the low energy region, modulation would reduce the HeB/He ratio.

As was indicated before, it is difficult to know the degree of the suppres-~

sion produced by the modulation; however, it would be a larger effect than
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that for the light to medium nuclei ratio because of the larger difference
in the charge to mass ratio. The HeB/He ratio, therefore, represents an
interesting test of rigidity dependent solar modulation effects, and it
can be used throughout the solar cycle as a check for the conclusions

deduced rrom proton and helium studies.

Degree of Solar Modulation

The considerations presented in section IV indicated already that
there is no appreciable deceleration of the cosmic rays near scvlar mini-
mum, but the question of whether the depression of the cosmic ray flux
is or is not appreciable has yet to be considered. Earlier in this section
it was seen that, if the average interstellar path length of 2.8 g/cmz--
deduced from the light to medium nuclei ratio--is used, the observed rela-
tive abundances of He, medium, and (10 < 7 < 19) nuclei can be produced
for similar source spectra only if the source spectrum is very nearly that
which will give the ccsmic-ray-maximum spectra after passage through 2.8
8/Cm2, that is, specifically of the form of curves A or B in Fig. 2. The
observed very heavy to medium nuclei ratio is also consistent with this type
of source spectrum; but this is a slightly less severe test because the
latter ratio could, in principle, be enhanced by modulation at low energies
since the very heavy nuclei have slightly smaller charge to mass ratios than
the medium nuclei. With the stated assumption, the data on relative abun-
dances mentioned above imply that the cosmic radiation is only very slightly
modulated when it reaches its maximum value near solar minimum.

If there is in fact very little or no modulation near solar minimum,

then the proton and helium nuclei apparently have very different energy;
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nucleon spectra. This statement follows from the fact that if they have
the same energy/nucleon spectra a very large modulation is needed to

16
produce the observed proton to helium nuclei ratio as a function of energy.

It is also unlikely that the rigidity spectra of the protons and helium
nuclei are similar at the source under the same assumptions if the data
are correct because the source spectra predicted for helium nuclei would

16
then be of the form of curve C in Fig. 2. An alternate possibility is

that the proton to helium nuclei ratio is in fact about five for the same
energy/nucleon as observed at low energies, and the flux measurements at
high energies have been in error in that a satisfactory albedo correction
has not been made. Analysis of the albedo correction made by McDonald66
makes the latter alternative seem unlikely.

An acceleration mechanism that is both velocity and rigidity dependent,
such as a modified Fermi mechanismé"w’68 could produce different source
energy/nucleon spectra for particles with different Z/M values such as
helium nuclei and protons. An example of this type of acceleration occur-
ring in nature is the solar cosmic ray case. If such a difference exists
between proton and helium nuclei spectra, a difference would be expected
in the helium and very heavy nuclei spectra also, but it would be small
because of the small difference in charge to mass ratio. This feature may
explain the tendency of the predicted ratio for (Z > 20) nuclei to helium
nuclei to fall slightly above the observed values at high energy in Fig. 12.

It shall be remembered that both He3 and light nuclei are assumed to

be secondaries formed in interactions in interstellar space; so their energy
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spectra presumably reflect those of their parents except for the effect

of different rates of energy loss as discussed in section III.

Other Theoretical Interpretations

There are a number of other possible theoretical approaches related
to the study of cosmic radiation which in general are more complex and
involve more adjustable parameters and assumptions. We shall now examine
a few of the more prominent of these in the light of what has been dis-
cussed.

The first is the possibility of varying path lengths for different
particles. Since the travel of cosmic rays is probably a diffusion
process, some cosmic rays may have traversed more material than others.
Balasubrahmanyan et al.69 have treated this problem recently in some
detail. An examination of the results presented here for path lengths
from 1 to 6 g/cm2 indicates that the variation of ratios and fluxes is
sufficiently slow and smooth that the conclusions reached on the basis of
assuming all cosmic rays will have traversed a given amount of material,
Xy, will be essentially the same as assuming a reasonable distribution
about an average value of XO. Hence, the conclusions will be the same.

Another possibility is that the average path length varies with the
energy of the particle. Apparao7o’71 has considered the effect of this
possibility and gives the necessary form for the variation to obtain agree-
ment with some of the experimental data under the assumption that the
cross sections {or fragmentation parameters)are independent of energy and

- vl .
the source spectrum is of the form c/w . There seem to be several detail
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ditficulties, but the most striking disagreement is in the low cnergy
light to medium data recently obtained and shown in Fig. 12.

. - 12 . .

Kaplon and Skadron’” have pointed out that agreement can be obtained
with the experimental data for the light to medium ratio if the path length
iirst tncreases with energy to about 200 MeV/nucleon and then decreases
and finaliy approaches a constant at high energies. They suggest that
this encrgy dependence of the path length may result from a rigidity
dependent escape mechanism at the source. The necessity of this assump-
tion seems to be eliminated when the variation of the interaction mean
tree paths with energy is considered.

Another approach to an explanation of the observed relative abun-

. . 47 .
dances has been presented by Lim and Fukui. They point out that the
heavy to medium and medium to helium ratios could be explained by a large
residual deceleration in the solar modulation. There remains, however,
the difiiculty of the light to medium nuclei ratio at low energies in that
casc, as well as the other problems mentioned in the modulation section.
, - 38 . ;

Comstock, Fan, and Simpson have reemphasized that the relative abun-

dance ol light nuclei relative to heavier ones has been the principal reason
. . 2 .
tor assuming the cusmic rays have passed through about 2.8 g/cm | and, if,
on the ovther hand, the cosmic rays have passed through almost no material,
the relative abundances of helium, medium and heavier nuclei would remain
virtually indcpendent of energy, as is observed. An examination of the -~
73 U ,

clectron data - also suggests the possibility that the cosmic rays may have
passed through very little material. Therefore, if there is some reason-

3
able way of explaining the presence of light nuclei and He  in the source
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region before acceleration with their particular relative abundances as
a function of energy, the study of interstellar travel can be reexamined
without the restriction of a path length of several g/cmz. This sug-
gestion--although an interesting possibility which should not be com-
pletely ignored--presently seems much less likely than the formation of
light nuclei in collisions in interstellar space for the reasons stated
in section II of this paper.

Finally, some data745eem to indicate that the helium to medium nuclei
ratio may increase again at high energies (> 5 BeV/nucleon). It has been
suggested by Apparao71 and Webber74 that this characteristic, may be due
to a difference in the energy spectra of helium and medium nuclei. There
is no evidence to indicate that the cross sections for medium nuclei
incident upon hydrogen increase appreciably at high energies, or that the
cross section for helium nuclei incident upon hydrogen decreases appreci-
ably. Thus, if the helium to medium nuclei ratio in the region from 5 to
50 BeV/nucleon should prove larger than that in the .5 to 5 BeV/nucleon
region, a real difference in source spectra would apparently be indicated.

If this difference is accepted, then virtually any model will give
satisfactory agreement with experiments for some set of source spectra.
Since at this time there is no compelling reason to choose any particular
set of relative source spectra other than assuming all particles with the
same charge to mass ratio have the same energy/nucleon spectra as chosen

here, this possibility will not be explored further.
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VI. Conclusion

The analysis which has been presented here shows that the experi-
mental data on the multiply charged cosmic ray nuclei seem to be in
generally good agreement with the predictions on the simple set of
assumptiuns made at the beginning of the article. As a reminder, these
werc:

(a) All multiply charged cosmic ray nuclei have the same spectral

shape at the source.

(b) The relative abundances of He and light nuclei at Lthe source
ave negligibly small compared to those of He and medium
nuclel respectively.

(¢) The average amount of interstellar matter traversed is inde-
pendent of energy.

With these assumptions it is possible to obtain reasonably good agree-
meat with the experimental data on the relative abundances tor the multiply
charged nuclei under the following conditions:

(a) The differential energy spectra at the source must be quite flat
of the form of curve A in Fig. 2 or possibly curve B, but not
much steeper than B and certainly not as steep as curve C. This
condition is set particularly strongly by the helium to medium
nuclei flux ratio as a function of energy.

2
(b) The average interstellar path length is 2.8 +0.4 g/cm |

(¢) The relative abundances of the helium, medium, (10 < 7 < 19) and
(72 > 20) nuclei at the source are approximately 12.1, 1.00, 0.36, -

and 0.13. The uncertainty of these numbers is probably between

5% and 10% if the assumptions are valid.
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These results together with the data on the electrons also imply
the following:

(a) There is little or no deceleration in the solar modulation
mechanism at least near solar minimum.

(b) There is very little modulation of the cosmic ray spectra near
solar minimum, since curve A in Fig. 2 is in fact the cosmic ray helium
nuclei maximum spectrum extrapolated back to the source.

(c) Assuming the observational data to be correct, protons and
helium nuciei have different energy/nucleon spectra at the source. This
conclusion is a corollary of the preceding conclusion because the marked
difference observed in the cosmic ray proton and helium nuclei spectra
must then reflect differences at the source, since only a very large
modulation effect could explain the different spectra otherwise.

There are also several postulates which have been suggested which
are apparently not necessary in any marked degree to explain the cosmic
ray data. For example, it is not necessary to assume an energy dependent
average mean free path in interstellar matter There is also no need to
try to explain the relative abundances as a function of energy, and in
particular the abundances of helium, medium, and heavier nuclei, by assum-

3

ing that light nuclei and He” are formed in some other way than by frag-

mentation. This result follows from the fact that it is possible to
reproduce observed relative abundances from similar source spectra even
after passage through 2.8 +0.4 g/cm2 of interstellar matter. Finally, it
is, at least presently, not necessary to assume differences in the energy
spectra of the multiply charged nuclei to explain the data, althoughrefined

data may indicate small differences at high energies.
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Hence, with the simple stated assumptions, it seems possible at
present to explain the existing cosmic ray data and at the same time
possibly to gain some insight into the solar modulation mechanism, the
average amount of material through which cosmic rays have passed, the
source spectrum of the multiply charged cosmic rays, and the relative

abundaunces of cosmic ray multiply charged nuciei at the suurce.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

FIGURE CAPTIONS

Variation of various mean free paths with energy deduced from
the experimental data summarized by badhwar and Daniel.l?
The numbers in

See the text for a discussion of these curves.

the subscripts of A( 0 in the figure refer to the charge

i,
interval.

Some of the source spectra assumed for the calculations in this
paper. "A" represents the May 1965 cosmic ray helium nuclei
spectrum extrapolated back to the source; "B" is the curve
O.6/WN2'5, where WN is the total energy in BeV/nucleon; "C"

is the spectrum which both the protons and helium nuclei

could have if they had similar rigidity spectra at the source
and underwent a diffusion-convection type modulation®®

within the solar system® ; and "D" is the curve 107/EN2-5,
where Ey is the kinetic energy in MeV/nucleon.

The calculated light to medium nuclei ratio as a function of
energy for a source spectrum of the form of curve B in

Fig. 2, 1/A(6‘9,3")II’ and the mean free paths indicated

in the figure..

Variation of the calculated (10<Z<19) and (Z<20) to medium
nuclei ratios with energy/nucleon for a source spectrum of the
form of curve B in Fig. 2 and the mean free paths indicated in
the figure.

Variation of the calculated (10<Z<19) and (Z<20) to medium

nuclei ratios with energy/nucleon for a source spectrum of the

form of curve D in Fig. 2 and the mean free paths indicated in the

figure.
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Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Variation of the calculated light to medium nuclei ratio for the
four energy/nucleon spectra of Fig. 2 (labeled A through D),

the two types of fragmentation parameters considered (labeled

I and II), and interstellar mean free paths of 1.4 and 2.8 g/cn?.
Variation of the calculated helium to medium nuclei ratio with
energy/nucleon for the four source spectra of Fig. 2 (labeled A
through D), and interstellar mean free paths of 0.0, 0.5, and

2.8 g/em® .,

Variation of the calculated He®/He%ratio with energy/nucleon for
the four source spectra of Fig. 2 (labeled A through D), and
interstellar mean free paths of 1.0, 2.0, and 2.8 g/cm?
Comparison of the experimental data with the calculated

variation with energy/nucleon of the (Z<10) to medium nuclei ratio
for an interstellar mean free path of 2.8 g/cm? Letters refer

to the source spectra in Fig. 2, aﬁd numbers by the experimental
points give the references.

Comparison of the experimental data with the calculated variation
with energy/nucleon of the (Z<20) to medium nuclei ratio for

an interstellar mean free path of 2.8 g/cm’and (Z<20) to medium
nuclei ratios at the source of 0,125 (solid curves) and 0.15
(dashed curve). Letters refer to the source spectra in Fig. 2,

and numbers by the experimental points give the references.

30




Fig. 11.

Fig. 12.

Fig. 13,

Comparison of the experimental data with the calculated variation
with energy/nucleon of the helium to medium nuclei ratio for an
interstellar mean free path of 2.8 g/cm®. Letters refer to the
source spectra in Fig. 2, and numbers by the experimental
points give the references. The uncertainty in the ratio of
reference 38 may be larger than indicated because the majority of
the medium nuclei were in a higher energy/nucleon interval than
the helium nuclei, and, therefore, a knowledge of the spectral
shape is assumed.

Comparison of the experimental data with the calculated

variation with energy/nucleon of the (Z2220) to helium nuclei
ratio for an interstellar mean free path of 2.8 g/cm®, and (Z220)
to helium nuclei ratios at the source of 1.05 x 10-2 (solid
curves) and 1.25 x 10-2 (dashed curve). Letters refer to the
source spectra in Fig. 2, and numbers by the experimental points
give the references. The uncertainty in the ratio of reference
38 may be larger than indicated because the majority of the
(Z=20) nuclei were in a higher energy/nucleon interval than the
helium nuclei, and, therefore, a knowledge of the spectral

shape is assumed.

Comparison of the experimental data with the calculated variation
with energy/nucleon of the light to medium nuclei ratio for
interstellar mean free paths of 2.5 (+-.), 2.8 &), and 3.1 (--)

g/cnf and A(S-B,R-F)II . Letters refer to the source spectra in

Fig. 2, and aumoers by the experimental points give the references.
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Fig.

14,

Comparison of the experimental data with the calculated

variation with energy/nucleon of the He® to (He® + He*) nuclei

ratio for an interstellar path of 2.8 g/cm®. Letters refer to -
the source spectra in Fig. 2, and numbers by the experimental

points give the references.
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\ Table 1

Asympotic Fragmentation Parameters and Interaction Mean Free Paths

(a) High Energy (E -- 1 BeV/nucleon) Fragmentation parameters (the average

number of secondaries of type j produced by a primary of type i) in

hydrogen, from the summary and calculations of Badhwar et 3112 and

Kaplon and Skadron14c

Primar Secondary
(2052530)  (10:2519)  (6'2=9)  (352=5) He*  He’

(2052=30) .22 .06 .03 .05 4915

(10°219) .17 .07 .06 .30 .15

(6:2°°9) .11 .08 .20 .20

(32<5) .08 13 .20

He™ .06 .40
12

(b) Interaction Mean Free Paths in hydrogen “ at high energies (E = 1 BeV/nucleon
Charge (20=2=30) (10=2=19) (6572%9) (3%2%5) 2

s (g/em’) 2.6 4.2 6.3 9.8 14.6

W
W
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FLUX RATIO

(Z=220) TO HELIUM NUCLEI
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